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The Chinese Tianshan belt of the southern Altaids has undergone a complicated geological evolution.
Different theories have been proposed to explain its evolution and these are still hotly debated. The
major subduction polarity and the way of accretion are the main problems. Southward, northward
subduction and multiple subduction models have been proposed. This study focuses on the structural
geology of two of the main faults in the region, the South Tianshan Fault and the Nikolaev Line. The dip
direction in the Muzhaerte valley is southward and lineations all point towards the NW. Two shear sense
motions have been observed within both of these fault zones, a sinistral one, and a dextral one, the latter
with an age of 236e251 Ma. Structural analyses on the fault zones show that subduction has been
northward rather than southward. The two shear sense directions indicate that the Yili block was ﬁrst
dragged along towards the east due to the clockwise rotation of the Tarim block. After the Tarim block
stopped rotating, the Yili block still kept going eastward, inducing the dextral shear senses within the
fault zones.
 2015, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. All rights reserved.1. Introduction
The Tianshan Mountain range is the southernmost part of the
Central Asian Orogenic Belt or Altaids and extends east-westwards
over a distance of 2500 km from Uzbekistan to Inner Mongolia in
Northwest China (e.g., Windley et al., 1990; Sengor et al., 1993)
(Fig. 1). The Chinese Tianshan belt has been characterized by a HP/
UHP metamorphic belt (e.g., Gao et al., 1995, 1998; Zhang et al.,
2002a, b, 2005; Lü et al., 2008), and it is accepted that the South
Tianshan belt is the ﬁnal accretionary complex that records the
amalgamation history between the Yili and the Tarim blocks (Gao
et al., 1995, 1998; Xiao et al., 2004, 2009a, 2010; Zhang et al.,
2007a). However, the subduction polarity of the oceanic plate be-
tween the Tarim and Yili blocks and the way of accretion are still
hotly debated: northward (e.g., Gao et al., 2009; Xiao et al., 2013;
Xiao and Santosh, 2014), southward (e.g., Lin et al., 2009; Wangens).
of Geosciences (Beijing).
Beijing) and Peking University. Proet al., 2010) or multiple (Charvet et al., 2007) subduction models
have been proposed.
The HP/UHP belt has been an important target of many studies
since it was discovered in early 1990’s. Some important work on the
metamorphic petrology and mineralogy on the HP/UHP blocks has
been conducted to constraint the tectonic history. However, key
structural evidence from the matrix of the accretionary complex is
lacking, in particular the northern part where the HP/UHP rocks
occur in the southwestern Tianshan (e.g., Laurent-Charvet et al.,
2003; Yang et al., 2007; Lin et al., 2009). In this paper, we focus
on the structural and metamorphic geology of the major faults and
associated rock assemblages in the accretionary complex, and
discuss the subduction polarity of the oceanic plate between the
Tarim and Yili blocks and the way of accretion, which will provide
important constraints for the tectonic evolution of Chinese SW
Tianshan.2. Geological setting
The Chinese southwestern Tianshan is located near the China-
Kygyzstan border, separating the Yili block and the Junggar basinduction and hosting by Elsevier B.V. All rights reserved.
Figure 1. A. Location of study area in China. Programme used to draw these maps is Google Earth. Main faults and fault zone sample locations have been marked on the map. B.
Geological map of southwestern Chinese Tianshan with the locations of ﬁeldwork survey. Locations of Figs. 2, 4 (Kepuerte and Muzhaerte river valley sample locations) are given.
STF ¼ South Tianshan Fault, NL ¼ Nikolaev Line. Figure modiﬁed after XBGMR (1993). Eclogite occurrences after Zhang et al. (2007b). Accretionary complex after Xiao et al. (2009b).
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M. Scheltens et al. / Geoscience Frontiers 6 (2015) 191e209 193to the north from the Tarim basin to the south. The Yili block is
believed to be indented in between the Tarim and Junggar blocks
(Wang et al., 2008). The Chinese Tianshan Orogen changed from an
arc-system geometry to a strike-slip tectonic regime in the Triassic
(Pirajno, 2010).
The HP/UHP belt consists of HP/UHP eclogites and blueschists
that form a narrow zone in between retrograde greenschist rocks
(e.g., Gao et al., 1998; Zhang et al., 2007b). Coesite inclusions have
been found in eclogites and Omp-Grt micaschists (Lü et al., 2008).
Although the age of UHP peak metamorphism is still hotly debated
(320e340 Ma, Klemd et al., 2005; 220e230 Ma, Zhang et al.,
2007a), it is widely accepted that the protoliths of the HP/UHP
rocks are remnants of a seamount (Gao et al., 1995, 1998; Zhang
et al., 2007a). A granulite belt to the north of the UHP terrane has
experienced its peak metamorphism at w300e280 Ma (Li and
Zhang, 2004).
The eclogites can be sub-divided into three distinct groups
(Zhang et al., 2002a,b, 2007b). They have experienced pressures of
24e30 kbar and 500e600 C (Zhang et al., 2007b; Tian and Wei,
2013). Within the eclogites coesite (Lü et al., 2008), lawsonite (Du
et al., 2011) and stilpnomelane (Du et al., 2014) inclusions have
been found.
To the north of the UHP terrane, low pressure granulite facies
rocks are present (Li and Zhang, 2004; Gou et al., 2012). The
hornblende-bearing two-pyroxene granulites have undergone
metamorphic conditions of w693 C and w0.45 GPa, while the
amphibolite facies retrograde metamorphism occurred atw598 C
andw0.45 GPa (Zhang et al., 2007b).
The UHP terrane is bounded by the South Tianshan Fault (STF, cf.
South Central Tianshan Suture or Changawuzi Fault (Gao et al.,
1998, 1999)) to the north and the Haerkeshan Fault to the south
(Gao et al., 1998, 1999). Slightly to the north of the UHP terrane the
Nikolaev Line (NL, cf. North Nalati Fault) (Wang et al., 2008, 2010;
Pirajno, 2010) runs through the granulite zone. Different theories
have been proposed for these fault zones, and both sinistral (e.g.,
Sengor et al., 1993) and dextral (e.g., Lin et al., 2009; Wang et al.,
2010) shear senses have been reported.
The South Tianshan Fault and Nikolaev Line mainly consist of
(garnet bearing) two-mica schists with quartz veins. The minerals
present within these fault rocks include quartz, biotite, muscovite,
chlorite and plagioclase, garnet and phengite. The Nikolaev Line
also incorporates some feldspar at the southern margin. Both fault
zones show folded rocks. In the zone in between these two faults,
arc-volcanic and hot-spot volcanic rocks occur (C.J. Wei, pers.
comm.; Gou et al., 2012). This zone is interpreted as being an
accretionary complex (Xiao et al., 2009b). However, some authors
argue this complex is the southern active margin of the Yili block
(Wang et al., 2010).
3. Methods
A structural ﬁeld research and analysis of the fault rocks of the
STF and NL and of some HP/UHP eclogites and blueschists has been
carried out. All of the foliation and lineation data have been plotted
in equal area stereonett diagrams, using the programme StereoNett
version 2.46 by J. Duyster (2000).
Ten samples from ﬁve different locations within the study area
were investigated using a JXA-8100 electron microprobe in wave
length-dispersive mode with 15 kV acceleration potential and
10 nA beam current at the Ministry of Education (MOE) Key Labo-
ratory of Orogenic Belts and Crustal Evolution of Peking University.
The eclogite samples (M5.1-1 and M5.1-2) have also been investi-
gated by Raman Spectrometry at Peking University on a Renishaw-
RM1000 Laser Raman microprobe using the 514.5 nm line of an Ar-
ion. Accumulation times varied between 5 and 10 s. The estimatedspectral resolution is 1.0 cm1 and calibrationwas performed using
the 521 cm1 band of synthetic coesite.
The mineral abbreviations used in this paper follow the ones as
designated by Kretz (1983), Siivola and Schmid (2007).
4. Field and micrograph observations
4.1. Kepuerte section
From north to south within this zone, there is an increasing
metamorphic grade. In the north, one ﬁnds mica schists consisting
of muscovite, chlorite, quartz, amphibole, plagioclase, and minor
calcite where with going south and increasing metamorphic grade,
biotite and later amphibole, pyroxene and garnet start to occur
(Fig. 2A). Three metamorphic events can be recognised, subduction
(M1), HP/UHP metamorphism (M2) and exhumation (M3).
The S2-foliation has a roughly ESEeWNW orientation and is
clearly visible at hand-specimen scale, whereas the S1 is only visible
as inclusions in plagioclase and garnet. The S2 is smooth, parallel
and disjunctive, however, closer to the STF mylonite zone it be-
comes more anastomosing and also a crenulation cleavage occurs
(Fig. 3A). Pinch and swell and boudinage structures mainly occur in
quartz veins that are oriented either parallel or at an angle to S2.
Asymmetric and isoclinal folds occur at the cm-scale. Shear senses
can be induced from plagioclase clasts that show s-geometries
(Fig. 3B) from which the strain shadows are composed of quartz.
Multiple stages of plagioclase growth can be inferred, pre-S2, syn-S2
and post-S2 crystals are all observed. Close to the STF mylonite zone
quartz shows undulose extinction.
The STF mylonite zone consists of mica schists, containing
garnet, biotite, phengite, quartz, albite, apatite, sphene and minor
chlorite, calcite, titanite and magnesite. Phengite has an Si-number
of 3.3e3.4 with a low iron content (Velde, 1965; Massonne and
Schreyer, 1987; Coggon and Holland, 2002; Hermann, 2002). The
biotite Si content is lower than 3, meaning it grew under lower
temperature conditions and thus later than the phengite
(Hermann, 2002).
The garnet crystals within the fault zone show a decreasing
spessartine component towards the rim, whereas the almandine
component increases from core to rim, while the pyrope compo-
nent remains relatively constant (Fig. 6A), indicating a temperature
decrease and thus a retrograde growth of garnet. The garnet grew
during the M1e3 stages, the phengite during the M2 stage, and
biotite, plagioclase, titanite andmagnesite during the M3 stage. The
40Ar/39Ar-age of biotite within this zone is 251.4  1.4 Ma (Fig. 2B).
One can observe quartz veins, fractures, pinch and swell and
boudinage structures, quartz s-blasts, shear bands, kink bands and
asymmetric folds on the micro scale (Fig. 3CeF). The dominant
foliation that can be observed on the outcrop scale (Fig. 3C,D) is the
S2-foliation. The shear sense as indicated by the shear bands and
some s-blasts is contrasting (Fig. 3C), some seem to have recorded
two different shear senses (Fig. 3C,E). There are multiple garnet
growth stages as indicated by their geometries: pre-S2, syn-S2 and
post-S2 garnets all occur. Some garnet and plagioclase still maintain
remnants of the S1 foliation as inclusions. A transition zone where
large quartz crystals with irregular boundaries are fragmented into
smaller ones with regular boundaries hints at grain boundary
migration (Fig. 3F).
South of the shear zone blueschists occur containing garnet,
phengite, muscovite, biotite, hornblende, quartz, K-feldspar, apatite
and chlorite. The S2-foliation in the blueschists is smooth, parallel
and disjunctive and is identiﬁed as the dominant foliation. Quartz
veins and pinch and swell structures are also present. Phengite
shows undulose extinction and chlorite interlayers. Many phen-
gites show kinks, indicating a late compressional event. Phengite is
Figure 2. A. 3-D cross section along the Kepuerte river valley with corresponding discoveries and orientation diagrams. B. 40Ar/39Ar age diagrams of sample KM2.5-25.
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biotite, hornblende and muscovite are of M3 origin.
Further south, in the centre of the HP/UHP block, blueschists
containing garnet, glaucophane, phengite, paragonite, albite,
zoisite, quartz, epidote and minor calcite occur. Phengite and
glaucophane are present as inclusions in garnet and as matrix
minerals. Most of the garnets show an increasing grossular
component from core to rim and a decreasing almandine compo-
nent towards the rim. Some garnet crystals are also showing a
spessartine decrease towards the rim (Table 1 and Fig. 6B). Garnet
grew during the M1e3 stages, Phengite grew during the M2 stage,
glaucophane and paragonite during the M1 and M3 stages and
epidote during the M2 and M3 stages.
The S2-foliation is smooth and continuous and is the foliation
that can be observed on hand-specimen scale. Quartz veins, s-
blasts and pinch and swell structures are present. Recumbent folds
are observed on the m-, dm-, cm- and mm-scale. Some garnets
grew over the S2-foliation, while for others Se s Si, hence they
preserve the S1-foliation. One particular quartz vein shows in-
clusions of garnet.The mineral assemblage of glaucophane þ paragonite þ garnet
at loc. K1.1 is probably a result of the reaction
glaucophane þ paragonite5 jadeite þ garnet. The retrograde re-
actions towards the greenschist facies might be explained by the
following two reactions: (1) paragonite þ glaucophane 5
garnet þ albite and (2) garnet þ glaucophane5 albite þ chlorite
(Guillot et al., 1997).
4.2. Muzhaerte section
The STF at this location has a foliation orientation that is NEeSW
oriented, with moderate to steep dips towards the NW. Lineations
of quartz augen plunge towards the NW (Fig. 4A).
LocationM5.1 is the southernmost location along theMuzhaerte
river valley. This eclogitic rock contains garnet, omphacite, para-
gonite, dolomite, aragonite, glaucophane, quartz, epidote, zoisite,
chlorite, albite, sphene, rutile, and coesite pseudomorphs (Fig. 5).
The S2-foliation is easily recognisable on hand-specimen scale and
is composed of omphacite and glaucophane. At some locations it is
overgrown by epidote and zoisite (Fig. 5A). It is smooth, parallel and
Figure 3. Structural styles within the Kepuerte section. A is at location 3.3, B at 2.3, CeF are at location KM2.5. A. Crenulation cleavage. B. Pre- to syn-tectonic plagioclase crystal
indicating dextral shear (red dashed line is the Se, yellow dashed line is Si). C. Outcrop scale shear sense indicators with dextral asymmetric folds and sinistral s-clasts. D. Sinistral
quartz s-clasts. E. Plagioclase s-clast showing an internal S-C fabric. F. Band of small quartz sub-grains.
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The structures that are present in this rock are shear bands, quartz
pinch and swell structures and quartz boudinage. The extinction of
quartz is undulose. The large paragonite crystals that are present
are randomly oriented, indicating these grew post-S2.
In themeasured garnets, the pyrope content increases from core
to rim, whereas the almandine content decreases. This hints at
prograde growth of garnet (Tsujimori et al., 2005). At one side of
one garnet (Fig. 6C), the pyrope content shows a sharp decrease
while the grossular content increases. This can be interpreted as a
ﬁnal retrograde growth. The inclusions in garnet include para-
gonite, epidote, chlorite, calcite in the core regions, and omphacite,rutile and quartz in the rim regions (Fig. 5B,C). Both the Fe/Mg and
Ca/Mg ratios in garnet decrease from core to rim. The coesite
pseudomorphs mainly occur in the mantle region of the garnets,
pretty close to the rim region (Fig. 5D). This coesite pseudomorphs
has a Raman shift of w465 cm1, conﬁrming it is quartz (Kingma
and Hemley, 1994).
The omphacite that is preserved as inclusion in garnet has a
relatively high Fe-content, whereas the Al and Mg contents are
relatively low compared to the matrix omphacites, which show an
increase in Fe and decrease in Mg from core to rim. The jadeite
content is slightly lower in the core than in the mantle region and
about the same as the rim. The lowest measured Fe content in
Table 1
Mineral compositions of representative garnet, amphibole, pyroxene and mica from the STF. Garnet, amphibole, pyroxene and mica are based on 12, 22, 6 and 11 oxygen atoms, respectively.
Sample KM2.5-21A KM2.5-23A KM2.5-23B K1.1-1B K1.1-1A K1.1-2B M5.1
Mineral Gt Gt Gt Gt Gt Gt Gt
core rim core rim core rim core rim core rim core rim core rim
SiO2 37.20 37.51 37.74 37.02 37.47 37.79 37.49 37.54 37.53 37.60 37.29 37.61 37.63 38.41
TiO2 0.18 0.08 0.11 0.13 0.13 0.13 0.04 0.10 0.02 0.09 0.03 0.06 0.09 0.03
AI2O3 21.10 21.30 21.63 21.03 21.29 21.59 21.48 21.48 21.49 21.55 21,42 21.43 21.56 22.09
Cr2O3 0.03 0.01 0.03 0.00 0.02 0.04 0.03 0.02 0.02 0.02 0.03 0.01 0.02 0.01
FeO 14.60 22.20 20.28 19.59 20.78 22.28 33.44 31.06 33.69 31.31 32.18 32.10 31.83 27.34
MnO 16.37 7.40 12.30 14.04 11.29 7.01 1.15 0.26 1.12 0.33 0.40 0.34 1.31 0.45
NiO 0.01 0.02 0.01 0.02 0.02 0.01 0.03 0.02 0.02 0.00 0.01 0.01 0.01 0.03
MgO 0.35 0.72 0.59 0.47 0.58 0.70 2.24 1.78 2.11 1.73 2.02 1.91 2.59 5.21
CaO 9.72 10.92 8.57 7.82 8.78 11.05 4.44 7.70 4.66 7.78 6.77 7.10 5.41 6.83
Na2O 0.04 0.01 0.04 0.07 0.06 0.04 0.08 0.03 0.06 0.04 0.05 0.07 0.05 0.03
K2O 0.01 0.00 0.02 0.01 0.01 0.02 0.01 0.09 0.01 0.01 0.00 0.00 0.01 0.03
Total 99.61 100.16 101.30 100.20 100.43 100.64 100.43 100.07 100.74 100.44 100.45 100.62 100.51 100.45
O 12 12 12 12 12 12 12 12 12 12 12 12 12 12
Si 3.0000 2.9900 2.9900 2.9600 3.0000 3.0000 3.0000 3.0000 2.9900 2.9900 2.9900 2.9900 2.9900 2.9900
Ti 0.0100 0.0000 0.0100 0.0100 0.0100 0.0100 0.0000 0.0100 0.0000 0.0100 0.0000 0.0000 0.0100 0.0000
Al 2.0000 2.0000 2.0200 1.6800 2.0100 2.0200 2.0200 2.0200 2.0200 2.0200 2.0100 2.0100 2.0200 2.0200
Cr 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Fe 0.9800 1.4800 1.3400 1.5600 1.3900 1.4800 2.2400 2.0700 2.2500 2.0800 2.2300 2.1300 2.1200 1.7800
Mn 1.1200 0.5000 0.8300 1.1200 0.7700 0.4700 0.0800 0.0200 0.0800 0.0200 0.1500 0.0200 0.0900 0.0300
Ni 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.2500 0.2300 0.0000 0.0000
Mg 0.0400 0.0900 0.0700 0.0400 0.0700 0.0800 0.2700 0.2100 0.2500 0.2100 0.3300 0.6000 0.3100 0.6000
Ca 0.8400 0.9300 0.7300 0.6200 0.7500 0.9400 0.3800 0.6600 0.4000 0.6600 0.0100 0.0100 0.4600 0.5700
Na 0.0100 0.0000 0.0100 0.0100 0.0100 0.0100 0.0100 0.0000 0.0100 0.0100 0.0000 0.0000 0.0100 0.0000
K 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0100 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Sum 8.0000 7.9900 8.0000 8.0000 8.0100 8.0100 8.0000 8.0000 8.0000 8.0000 7.9700 7.9900 8.0100 7.9900
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Sample KM3.4-1 MN8.1-9 MN8.1-9 MN8.1-9 K1.1B K1.1B M5.1-1 M5.1-1 M5.1-2 M5.1-2 M5.1-2
Mineral Hbl Hbl Hbl Hbl Gln (Gt inclusion) Gln Omp Omp O p (Gt inclusion) Omp Omp (rim)
SiO2 51.36 52.84 53.00 52.93 57.69 57.39 55.27 55.25 55.30 55.59 56.50
TiO2 0.42 0.19 0.14 0.12 0.00 0.01 0.02 0.07 0.07 0.08 0.04
AI2O3 3.65 3.58 3.96 3.39 12.27 11.70 10.82 10.64 9.54 11.44 11.34
Cr2O3 0.00 0.08 0.02 0.04 0.00 0.00 0.02 0.03 0.04 0.04 0.02
FeO 20.15 10.84 10.99 10.75 11.15 12.16 7.09 7.35 9.71 5.22 10.65
MnO 0.42 0.35 0.31 0.29 0.07 0.04 0.03 0.06 0.07 0.01 0.05
NiO 0.00 0.00 0.06 0.07 0.06 0.00 0.03 0.01 0.03 0.00 0.02
MgO 10.27 15.97 16.02 15.89 8.67 8.29 6.37 0.14 6.33 7.16 9.45
CaO 9.38 12.65 12.57 12.79 0.15 0.02 10.79 11.3 11.14 12.19 1.25
Na2O 2.45 0.38 0.35 0.28 7.82 7.73 8.58 8.99 8.65 8.25 7.10
K2O 0.28 0.23 0.25 0.19 0.01 0.04 0.01 0.00 0.02 0.01 0.03
Total 98.38 97.11 97.67 96.74 97.89 97.38 99.01 100.01 100.41 99.98 96.41
O 22 22 22 22 22 22 6 6 6 6 6
Si 7.6250 7.6135 7.5911 7.6490 7.9371 7.9719 2.0089 2.1157 2.0038 1.9891 2.0618
Ti 0.0469 0.0206 0.0151 0.0130 0.0000 0.0010 0.0005 0.0020 0.0019 0.0022 0.0011
Al 0.6386 0.6079 0.6684 0.5773 1.9895 1.9153 0.4635 0.4802 0.4074 0.4824 0.4877
Cr 0.0000 0.0091 0.0023 0.0046 0.0000 0.0000 0.0006 0.0009 0.0011 0.0011 0.0006
Fe 2.5014 1.3060 1.3162 1.2990 1.2827 1.4124 0.2155 0.2354 0.2942 0.1562 0.3250
Mn 0.0529 0.0428 0.0377 0.0355 0.0082 0.0047 0.0009 0.0019 0.0022 0.0003 0.0015
Ni 0.0000 0.0000 0.0069 0.0081 0.0066 0.0000 0.0009 0.0003 0.0009 0.0000 0.0006
Mg 2.2730 3.4305 3.4207 3.4234 1.7783 1.7167 0.3452 0.0080 0.3419 0.3819 0.5141
Ca 1.4919 1.9527 1.9288 1.9801 0.0221 0.0030 0.4201 0.4636 0.4324 0.4673 0.0489
Na 0.7052 0.1061 0.0972 0.0784 2.0858 2.0817 0.6046 0.6674 0.6076 0.5723 0.5023
K 0.0530 0.0423 0.0457 0.0350 0.0018 0.0071 0.0005 0.0000 0.0009 0.0005 0.0014
Sum 15.3879 15.1316 15.1300 15.1037 15.1120 15.1138 4.0611 3.9754 4.0944 4.0533 3.9449
(continued on next page)
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Sample KM3.4-1 KM3.4-1 KM3.4-1 KM2.5-23-2 KM3.4-1 KM3.4-1 KM3.4-1 KM3.4-1 KM2.5-21A KM2.5-23 KM2.5-23 K1.1 K1.1 M5.1-2
Mineral (all other) Phn (6-8) Phn (core) (6-8) Phn (rim) Phn (all) Phn (1-5) Phn (core) (1-5) Phn (rim) Bt Bt Bt Phn Par Phn Par
SiO2 51.45 52.10 50.87 51.29 51.28 50.92 51.26 37.48 36.18 35.93 49.29 47.35 52.53 48.12
TiO2 0.55 0.52 0.68 0.04 0.58 0.58 0.66 2.17 1.52 1.34 0.27 0.07 0.14 0.03
Al2O3 24.39 23.81 24.21 27.87 24.34 24.43 24.47 15.07 18.46 18.95 29.80 39.38 25.80 40.10
Cr2O3 0.04 0.06 0.00 0.05 0.04 0.05 0.04 0.07 0.08 0.07 0.02 0.04 0.01 0.03
FeO 4.46 4.32 4.62 1.97 4.48 4.33 4.73 23.24 17.97 18.06 2.21 0.29 2.75 0.39
MnO 0.05 0.03 0.04 0.05 0.03 0.02 0.01 0.17 0.18 0.17 0.02 0.00 0.04 0.00
NiO 0.02 0.05 0.00 0.00 0.03 0.03 0.05 0.00 0.04 0.02 0.05 0.00 0.03 0.01
MgO 3.22 3.40 3.16 2.76 3.23 3.28 3.16 8.56 10.67 10.34 2.58 0.18 3.72 0.15
CaO 0.04 0.09 0.02 0.00 0.05 0.05 0.07 0.36 0.08 0.12 0.03 0.10 0.01 0.12
Na2O 0.21 0.12 0.22 0.32 0.21 0.21 0.25 0.09 0.09 0.05 0.32 7.35 0.20 7.00
K2O 10.85 10.84 10.51 9.99 10.72 10.74 10.39 7.88 9.38 9.26 9.78 0.61 10.30 0.63
Total 95.28 95.34 94.31 94,34 95.00 94,66 95.03 95.09 94.64 94.32 94.33 95.35 95.54 96.57
O 11 11 11 11 11 11 11 11 11 11 11 11 11 11
Si 3.4797 3.5156 3.4733 3.4307 3.4774 3.4657 3.4704 2.8874 2.7514 2.7405 3.3056 3.0177 3.4900 3.0233
Ti 0.0280 0.0264 0.0349 0.0020 0.0296 0.0297 0.0336 0.1257 0.0869 0.0769 0.0136 0.0034 0.0070 0.0014
Al 1.9440 1.8934 1.9481 2.1969 1.9452 1.9596 1.9524 1.3682 1.6544 1.7034 2.3553 2.9578 2.0201 2.9691
Cr 0.0021 0.0032 0.0000 0.0026 0.0021 0.0027 0.0021 0.0043 0.0048 0.0042 0.0011 0.0020 0.0005 0.0015
Fe 0.2522 0.2438 0.2638 0.1102 0.2540 0.2464 0.2678 1.4971 1.1427 1.1519 0.1239 0.0155 0.1528 0.0205
Mn 0.0029 0.0017 0.0023 0.0028 0.0017 0.0012 0.0006 0.0111 0.0116 0.0110 0.0011 0.0000 0.0023 0.0000
Ni 0.0011 0.0027 0.0000 0.0000 0.0016 0.0016 0.0027 0.0000 0.0024 0.0012 0.0027 0.0000 0.0016 0.0005
Mg 0.3247 0.3420 0.3217 0.2752 0.3265 0.3328 0.3189 0.9831 1.2097 1.1758 0.2580 0.0171 0.3685 0.0140
Ca 0.0029 0,0065 0.0015 0.0000 0.0036 0.0036 0.0051 0.0297 0.0065 0.0098 0.0022 0.0068 0.0007 0.0081
Na 0.0300 0.0200 0.0300 0.0400 0.0300 0.0300 0.0300 0.0100 0.0100 0.0100 0.0400 0.9100 0.0300 0.8500
K 0.9360 0.9330 0.9154 0.8524 0.9273 0.9324 0.8973 0.7744 0.9099 0.9009 0.8366 0.0496 0.8729 0.0505
Sum 7.0011 6.9841 6.9900 6.9144 6.9968 7.0035 6.9838 7.6945 7.7937 7.7830 6.9417 6.9779 6.9420 6.9416
Table 1 (continued)
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Figure 4. A. 3-D cross section along the Muzhaerte section with corresponding discoveries and orientation diagrams. B. 40Ar/39Ar age diagrams of sample MC5.2-15.
M. Scheltens et al. / Geoscience Frontiers 6 (2015) 191e209 199omphacite is 5.22%. The jadeite content in matrix omphacite varies
between w35e48%. Since these jadeite contents of core, mantle
and rimwithin one omphacite are similar, it is safe to conclude this
crystal grew under peak metamorphic conditions, implying the
matrix omphacites resemble peak metamorphic conditions. The
omphacites within garnet show jadeite contents of w38%, indi-
cating prograde path metamorphism (Chopin and Schertl, 1999;
Tsujimori et al., 2005).
The prograde mineral assemblage is omphacite þ
paragoniteþepidoteþquartzgarnet. Thepeakmineral assemblage
is garnet þ coesite þ omphacite þ glaucophane þ paragonite þ
epidote. The retrograde mineral assemblage is garnet þ
paragonite þ zoisite þ epidote þ quartz.
Location MC5.2 is located within the STF. It is a mica schist
containing biotite, muscovite, quartz, plagioclase, chlorite, minor
calcite. Themain dominant foliation (S2) that is easily recognised on
hand-specimen scale is disjunctive and wriggly (sometimes anas-
tomosing). The S1-foliation is not observed. Quartz augen are pre-
sent that indicate the direction of shear in the vertical plane (Fig. 7),
hence thrust direction. The thrust direction within the MuzhaerteSTF zone is about 130, with the L2 lineations all plunging towards
the NW. The 40Ar/39Ar-age of biotite in this zone is 236.3  1.5 Ma
(Fig. 4B). All minerals from this location can be considered to have
grown during the M3 retrograde stage, though white micas
(muscovite) might be remnants from the M2 stage.
The NL is located about 10 km to the north of the STF and
consists of two-mica schists containing biotite, muscovite, quartz,
plagioclase, chlorite, hornblende and minor calcite, apatite and K-
feldspar. In between these faults, there are volcanic rocks that are
both arc- and plume-related (C.J. Wei, pers. comm.). This area is
interpreted as part of an accretionary complex (e.g., Xiao et al.,
2009b). The orientation of the S2-foliation in the NL fault zone is
NEeSW and is moderately to steeply dipping. The S2-foliation is
deﬁned as the dominant foliation, clearly visible at hand-specimen
scale and it is smooth, parallel and disjunctive. On hand-specimen
scale, asymmetric folds occur (Fig. 8A,B). The S1-foliation is pre-
served in plagioclase clasts. Some quartz and plagioclase show s-
geometries (Fig. 8C,E) and shear bands also occur (Fig. 8D). Two
different dip directions were observed. Location MN7.1 is charac-
terised by a dip towards the south (the same as the Kepuerte STF),
Figure 5. Location M5.1 eclogite. A. Matrix of Gln þ Omp, while Grt has a Qtz strain shadow. Foliation is overgrown by Zo þ Ep. B. Large Grt crystal with Qtz strain shadow. The
Gln þ Omp foliation is overgrown by Ep. Large Pg crystal grew nearly perpendicular to the foliation. C. Grt with many inclusions, which include Pg, Omp, Chl and Ep. D. Coesite
pseudomorph in the mantle region of a Grt crystal. Raman shift of this particular pseudomorph was w465 cm1.
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same as the Muzhaerte STF. Two sets of lineations occur, one set of
stretching lineations that plunge towards the NE and SW, and one
set of lineations that plunge towards the north (Fig. 4A). S2-fold
axes plunge to the north and S2-axial planes, hence S3-foliation, are
oriented NeS, dipping steeply towards the west. The quartz veins
show boudinage and pinch and swell structures. On the micro-
scale, one can see plagioclase s-clasts that indicate that it grew
inter-tectonically. Since chlorite is so abundant, this rock most
probably formed under retrograde conditions. The NL is charac-
terised by the following mineral assemblages: (1) prograde
assemblage: apatite þ plagioclase  chlorite  amphibole, (2)
peak assemblage: amphibole (hornblende) þ apatite  chlorite 
plagioclase  muscovite, (3) retrograde assemblage:
plagioclase þ K-feldspar þ chlorite  biotite.
5. Discussion
5.1. South Tianshan Fault
5.1.1. Structural geology
The dominant foliation that can be observed in the rocks at
hand-specimen scale is the S2 that formed during the peak meta-
morphic stage. The S1 is still preserved within mineral garnet and
plagioclase as internal foliation. Just north of the STF plagioclase
blasts indicate that the shear sense was dextral (Fig. 2A). The
plagioclase clast in Fig. 3B shows an S2-foliation wrapping aroundthe crystal, though at its western end it shows an internal foliation
that continues into the matrix, but abuts the S2 foliation at its
southern edge. This indicates that plagioclase growth started pre-S2
and ended syn-S2.
Within the STF the shear senses sometimes are ambiguous
(Fig. 3C). The quartz geometries could be interpreted as both a dual
shear event and as sheath folds. Interpreted as representing a dual
shear event, these quartz crystals have sinistral s-geometries that
have been reworked by a later dextral motion. The dual shear event
hypothesis is the most plausible one, since if these are sheath folds,
they imply a NeS thrust motion, which is unlikely with dips as
steep as these (Fig. 2A). Asymmetric folds indicate a dextral shear
sense towards the east.
The two shear senses within the STF are further supported by
other samples indicating the presence of two shear senses.
Plagioclase clasts grew pre- and syn-tectonically, and some show s-
shapes while also showing an internal foliation indicating an
opposite shear sense (Fig. 3E). This can indicate two things: (1) an
earlier dextral motion towards the east (forming the quartz strain
shadows) followed by a sinistral motion towards the west (forming
the internal foliation), (2) only one dextral shear motion towards
the east, in which the internal foliation of the plagioclase blast re-
sembles an S-C fabric (Twiss and Moores, 1992; Passchier and
Trouw, 2005). The former indicates that ﬁrst a dextral motion
occurred, followed by a sinistral one. This is unlikely, since the
youngest shear motion is dextral (e.g., Laurent-Charvet et al., 2003;
Wang et al., 2008; de Jong et al., 2009). Another argument against a
Figure 6. Garnet composition graphs for locations KM2.5, KM1.1 and M5.1. A. Retrograde mineral growth (Alm increase). B. Grt showing a slight double peak for Prp and the small
peak at point 3 for Alm hint at a second growth stage. C. Grt growing at steady conditions after which it starts growing during prograde metamorphism (points 2-3, 19-20). The ﬁnal
growth stage is retrograde, as indicated by the sudden Prp decrease and Grs increase. This ﬁnal growth stage is only found along the outer edges. See text for discussion.
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blocks. Until the Permian the Tarim block had a clockwise rotation
(Li, 1990; Chen et al., 1999) while the Yili block had an anti-
clockwise rotation until late Permian (Wang et al., 2007),
implying a dextral motion should be younger than a sinistral one.
This indicates that the latter interpretation is the correct one.
The kink bands having a NeS orientation within the STF are
formed late in the deformation history of Chinese SW Tianshan,
since they are attributed to a late deformational stage in the for-
mation of orogens (Dewey, 1965).
Over the entire range from location KM2.1 to location KM2.5
quartz veins can be observed. There are two sets of quartz veins,
one parallel to the foliation and one oblique to perpendicular to the
foliation. Since the veins that crosscut the foliation are sometimes
(slightly) offset by the foliation, their origin must be inter-tectonic.The quartz veins that run parallel to the foliation formed later in the
deformation history. These quartz veins have an ESEeWNW
orientation and show pinch and swell and boudinage structures,
indicating a late ESEeWNW extensional phase.
The quartz within the STF shows undulose extinction, which
indicates dynamic recrystallisation (Passchier and Trouw, 2005)
and most quartz are equigranular. Since deformation took place
under low temperature conditions, the recrystallisation is most
probably subgrain rotation and bulging, implying relatively high
strain rates (Passchier and Trouw, 2005).
The Muzhaerte STF shows clear top-to-the-south thrusting,
both on hand-specimen and micro-scale (Fig. 7), which is indi-
cated by the S-C tectonites (Passchier and Simpson, 1986)
showing a C/S fabric (Twiss and Moores, 1992; Passchier and
Trouw, 2005).
Figure 7. Structural styles along the Muzhaerte section. A and B. Thin section scale quartz augen indicating top to the SE thrusting. C and D. Outcrop scale quartz augen indicating
top to the SE thrusting. E and F. Microscopic scale quartz augen indicating top to the SE thrusting. G. Plagioclase s-clast indicating dextral shear.
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direction whereas lineations of this study all have a NW orien-
tation (w310 on average). This indicates an average thrusting
direction of w130, which is in line with the northward sub-
duction models (Chen et al., 1999; Gao et al., 2009). These models
are also supported by seismic tomographic data (Lei and Zhao,
2007; Zhiwei et al., 2009) and the petrological data (e.g., Zhang
et al., 2007b).An extensional event is being indicated by the quartz boudinage
structures found in the rocks. These are all oriented NEeSW,
implying after orogenesis there was an NEeSW oriented exten-
sional event.
5.1.2. Metamorphic geology
The white mica s-shaped mantled porphyroclasts (Passchier
and Trouw, 2005), as observed at location KM3.3, with strain
Figure 8. NL structural styles. A and B. Outcrop scale asymmetric folds indicating dextral shear. C. Plagioclase s-clast indicating dextral shear. D. Shear bands indicating dextral
shear. E. Fragmented plagioclase s-clast indicating dextral shear.
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white mica matrix, indicate that multiple stages of white mica
growth occurred. The prograde white micas are probably para-
gonite, whereas the peak metamorphic conditions involve
phengite. The foliation is also composed of white mica,
alternated with quartz. The foliation wraps around the mica
blasts. The retrograde white mica is probably muscovite or
paragonite.
Within the Muzhaerte STF outcrops, most of the micas have
retrograded to chlorite and biotite. White mica is sparse. During
peak metamorphism, the mineral assemblage must have beenwhite mica (paragonite and/or muscovite) þ amphibole þ quartz.
This shows that the metamorphic grade within the Muzhaerte STF
is lower than the one in the Kepuerte section. Another main dif-
ference is the presence of phengite. It should be noted, however,
that the eclogite composition also differs. Along the Muzhaerte
section, type III eclogites are present, whereas along the Kepuerte
section, the eclogites are of type I (Zhang et al., 2002a,b, 2007b).
Possibly phengite never formed in the eclogites found along the
Muzhaerte STF zone. Another explanation for the absence of
phengite would be that it has completely reacted to its retrograde
forms.
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Duringnorthwardoceanicsubduction(D1deformationphase), the
S1 foliation formed, which is now only preserved in a certain number
of mineral clasts (mostly within garnets and plagioclase). During the
later phases of subduction, at deep enough levels, garnet started to
grow, overprinting the S1 foliation. The metamorphic grade
kept increasing until peak metamorphic conditions (D2) were
reached. The peak metamorphic mineral assemblage is garnet þ
phengite þ clinopyroxene  amphibole. The S2 foliation formed
during peak metamorphic conditions, and continued its formation
during the ﬁrst stages of exhumation. It wraps around the prograde
minerals, giving an indication about the shear senses. The quartz s-
clasts at hand-specimen scale indicate sinistral motions, while the
shear bands and s-clasts of plagioclase at the microscopic scale
indicate adextral shear sense. Somequartzs-clasts seemtohavebeen
affected by dextral shear, having curved shapes. This indicates that
ﬁrst a sinistralmotion occurred,whichwas later followedbyadextral
one. This interpretation is in line with Laurent-Charvet et al. (2003)
who studied the North Tianshan Fault and the eastern end of the
STF. They argue that two opposing shear senses have been recorded
with the dextral overprinting the sinistral.
During exhumation (D3), which took place between about
275e243 Ma (Zhang et al., 2009), there was also a shear compo-
nent, as is indicated by the ages of dextral motion along the STF that
give ages of 236e251 Ma (this study; Wang et al., 2008; de Jong
et al., 2009). Since the shearing and exhumation occurred simul-
taneously, the sinistral motion represents deformation phase D3A,
whereas the dextral motion is D3B.
The extensional phase, as indicated by the quartz pinch and
swell structures and boudinage would be D4. This extensional
phase is oriented EeW with material extending towards the east
and west.
The kink bands at location KM2.5 indicate a late deformational
compression stage. It is ambiguous to call this one D5, since this
compressional stage must have occurred coevally with the Alpine
orogeny during the Cenozoic.
Our interpretation of the contrasting shear senses that are
reported in different studies (e.g., Sengör et al., 1993; Lin et al.,
2009) is that ﬁrst sinistral motion occurred along the STF,
which was later followed by dextral motion. This implies that at
ﬁrst the Tarim block dragged the Yili block (south end of the
Kazakhstan volcanic arc) along towards the east, while these
blocks contemporaneously rotated clockwise (Chen et al., 1999),
inducing the sinistral strike-slip motion. After cessation of
rotation of the Tarim block during the early Permian (Chen et al.,
1999), the Yili block still continued to migrate eastwards with
respect to the Tarim block, which is indicated by a dextral strike-
slip motion.5.2. Nikolaev Line
5.2.1. Structural geology
The NL is a widely discussed shear zone in the Tianshan area.
Both sinistral (e.g., Sengor et al., 1993; Chen et al., 1999) and dextral
shear senses (e.g., Xiao et al., 2004; Wang et al., 2008; Lin et al.,
2009) have been proposed for this shear zone. This study’s ﬁeld
observations only show a dextral shear sense along this shear zone.
This dextral shear sense is preserved by s-type plagioclase
crystals and dextral shear bands (Fig. 8C,D). It is oriented NEeSW,
with the north moving towards the NE. The plane cut perpendic-
ular to this one also shows a dextral shear sense, in which the top
moves towards the SE (which is the same as in the Muzhaerte STF
sections). Some plagioclase shows a different internal foliation,
indicating they are inter-tectonic. Plagioclase growth assuminglystarted after the S1 foliation formed and some continued growing
during the S2 foliation phase.
The D3 stretching lineations that are oriented SWeNE can be
attributed to the shear motions between the Yili and Tarim blocks.
Lineations that are directing towards the north are also present. S2
fold axes and lineations all plunge towards the north, while the S3
foliation is thus oriented NeS with steep dips towards the west.
The northward plunging lineations could imply that the NL is also
a fossil subduction zone, which would support the theory of Xiao
et al. (2009a,b). If the NL indeed turns out to be a fossil subduction
zone, this would indicate that during the Palaeozoic multiple
subduction zones existed in the Chinese SW Tianshan area, spe-
ciﬁcally being the Nikolaev Line, South Tianshan Fault, and
possibly the Haerkeshan Fault. All of these had a northward sub-
duction polarity, as indicated by the lineations as observed in the
STF and NL and the petrological characteristics of the SW Tianshan
area.
5.2.2. Metamorphic geology
The plagioclase shows albite twinning and is of inter- to syn-S2
origin. The strain shadows are composed of quartz and some of the
plagioclase clasts have been fragmented (Fig. 8E) and overgrown by
mica. The hornblende is of inter-tectonic origin and contains pro-
grade minerals as inclusions. The prograde mineral assemblage can
be inferred, which is chlorite þ apatite þ quartz þ hornblende þ
plagioclase  K-feldspar. The K-feldspar that is present probably
has a volcanic origin, since the NL fault zone is bordering the vol-
canic rocks of the accretionary complex.
5.2.3. Geologic evolution
The ﬁrst deformation stage was subduction of oceanic litho-
sphere towards the north (D1). At peak metamorphic conditions, a
new foliation (D2) was created. During the retrograde exhumation
phase (D3) shear motions also occurred. Probably the NL has also
undergone sinistral shear (as suggested by Sengör et al., 1993; Allen
et al., 1995), followed by dextral shear (as suggested by this study
and Lin et al., 2009). Hence, the D3 can likewise be divided into two
parts, D3A for the sinistral shear phase, and D3B for the dextral shear
phase, from which the latter is dated at w250 Ma (Wang et al.,
2008; de Jong et al., 2009). The ﬁnal deformation phase (D4) was
an extensional phase, which is recorded over a vast area in this
region (Allen et al., 1995).
5.3. HP/UHP metamorphic terrane
5.3.1. Structural geology
Just south of the STF along the Kepuerte section, the S2-foliation
is composed of mica, interlayered with quartz. The phengite shows
undulose extinction, indicating that dynamic recrystallisation
processes took place. Further, it is an indication the phengite grew
early in the deformation history (Wilson and Bell, 1979). The
undulose extinction that is preserved in quartz indicates dynamical
recrystallization. Volume diffusion is likely to have taken place, as
dislocation climb (as indicated by the undulose extinction) and
grain boundary migration are both observed (Worley et al., 1997).
At Aksai, the recumbent folds, which are observed at both the
outcrop- and microscopic scale, give an indication that during the
Palaeozoic a roughly NeS compression took place. These folds that
were formed by the convergence were later presumably reoriented
during the Alpine orogeny during the Cenozoic.
5.3.2. Metamorphic geology
At Aksai, three stages of garnet growth occurred. One pre-S2,
one syn-S2, and one post-S2. Garnets show a decrease in almandine
(Fig. 6B), indicating they grew under increasing temperature
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growth stage at one of the rims (Fig. 6B, point 1) under decreasing
temperature conditions, hence a retrograde growth.
Many phengite crystals found in sample KM3.4-1 show chlorite
lamellae and undulose extinction. This phengite-chlorite interlayer
indicates that the reaction illite (muscovite) þ chlorite þ K-
feldsparþwater5 chlorite þ phengite þ quartz (Velde, 1965) must
have had taken place, which implies the phengites are prograde
minerals. These phengites have an Si number of about 3.5. According
to Velde (1967), a higher Si-number in phengite indicates that it
formedunder lower temperature conditions,which is in linewith the
peakmetamorphicconditionsas concludedbyotherauthors (e.g.,Gao
and Klemd, 2003; Klemd et al., 2005; Zhang et al., 2007b). However,
Massonne and Schreyer (1987) claimed that a high Si-number in
phengite indicates the freshness of themineral. In that case, this high
Si-number indicates this phengite is relatively young and not
contaminated. Since UHP metamorphism is dated at 320e310 Ma
(e.g., Gao et al., 1998; Klemd et al., 2005) the former should have
induced the high Si-number in phengite. The retrograde stage reac-
tion here could have been glaucophaneþ epidote/ albiteþ chlorite
(Schliedstedt and Matthews, 1987).
Within the eclogites along the Muzhaerte valley the foliation
was formed during the early stages of retrograde metamorphism
and during the later stages of the UHP stage (the foliation wraps
around the peakmetamorphic garnet crystals). This is supported by
the decreasing ratio of Fe/(Fe þ Mg) in matrix glaucophane, indi-
cating a lower metamorphic grade. The reaction explaining the
retrograde metamorphism would be omphacite þ paragonite /
glaucophane þ albite  epidote (Schliestedt and Matthews, 1987).
The garnet crystals all show zonation. From core towards rim the
Mg content increases while the Fe2þ content decreases (Fig. 6A),
indicating an increasing temperature. However, the nearly ﬂat
graphs of almandine and grossular indicate the garnets possibly
mainly grew during peak metamorphic conditions. The pyrope
graph, on the contrary, rises signiﬁcantly from core to rim, implying
the garnets grew under increasing temperature conditions
(Tsujimori et al., 2005).
The minimum estimated temperature for UHP peak meta-
morphism is calculated for a pressure of 2.7 GPa. This value is
chosen since themineral assemblage did not allow the use of one of
the known geothermobarometers. The collected samples clearly
show coesite pseudomorphs, indicating the pressure must at least
have been 2.7 GPa, at which the phase change from quartz to
coesite occurs for the selected eclogite sample (e.g., Zhang et al.,
2007b). The grt-cpx thermometers of Powell (1985) and Ravna
(2000) yield a minimum peak metamorphic temperature of
493e532 C, which is slightly lower than the temperature calcu-
lated by Zhang et al. (2002b) for the same eclogites. The pressure
and temperature conditions for the blueschists in the Kepuerte
valley can be estimated using the mineral assemblage of
phengite þ biotite þ K-feldspar, which results in a pressure of
w1 GPa and a temperature of 450e500 C (Massonne and Schreyer,
1987; Zhu and Wei, 2007).
The (relatively) low Mg and high Ca contents for omphacites
close to garnets (or as inclusions within garnets) can be explained
by the Ca-Mg partition between garnet and omphacite, as proposed
by Coleman et al. (1965). The jadeite rich omphacites have probably
reacted with quartz to form retrograde glaucophane and plagio-
clase (Tsujimori et al., 2005).
The peculiarity about the type III eclogites (Zhang et al., 2002b) is
that no phengite is present, while the eclogite stage has been
reached. This can be due to the following: either phengite never
formed since not enough potassium was ever present in these
rocks, or the phengite has already reacted to paragonite and chlo-
rite, following the reaction phengite / paragonite þchlorite  omphacite. However, the paragonite crystals are rela-
tively large, meaning they had time to grow. Furthermore, the
omphacite in the matrix has grown under prograde and peak con-
ditions, ruling out the occurrence of the retrograde reaction
phengite/ paragonite þ chlorite  omphacite.
A remaining problem, however, is that Zhang et al. (2002b)
argued that phengite is present in the type III eclogites that they
studied. If the above reaction would have had taken place, one
would expect to observe retrograde omphacites, and no retrograde
omphacites are present in the rock samples studied in this research.
Moreover, all minerals found and analysed from the eclogite sam-
ples show very low K-contents, which would explain the absence of
phengite. Sodium, on the other hand, is abundant within the
minerals, enhancing paragonite growth.
5.3.3. Geologic evolution
During S1 formation, the subduction stage, a mineral assem-
blage of omphaciteþ paragoniteþ epidoteþ quartz garnet grew.
When UHP conditions were met, UHP minerals started to grow and
form the S2 foliation. During this period, the mineral assemblage
was garnet þ coesite þ omphacite þ glaucophane þ
paragonite þ epidote. After the UHP metamorphism ended, exhu-
mation started and retrogression occurred. During this stage, the
mineral assemblage was garnet þ paragonite þ zoisite þ
epidote þ quartz. The S2 foliation here too shows top-to-the-SE
thrusting, further supporting a northward subduction polarity.
5.4. Geologic evolution of the STF and NL fault zones
Within the STF and NL fault zones, several deformation phases
can be distinguished. First, oceanic subduction occurred, which was
followed by the subduction of a seamount (Gao and Klemd, 2003)
inducing HP/UHP metamorphism. During the later stages of UHP
metamorphism, the S2 omphacite þ glaucophane foliation formed
in the eclogites, which was later overgrown by retrograde minerals
such as zoisite and epidote. In the fault zones, the S2 foliation is
composed of mica and chlorite. The UHP stage was followed by an
exhumation stage (D3), which was contemporaneous with two
shear events, a sinistral (D3A) and a dextral (D3B) one. An exten-
sional D4 event took place after the orogenesis (e.g., Allen et al.,
1995; Pirajno, 2010). The conjugate sets of kink bands in the
Kepuerte section of the STF indicate a late compressional event,
which may have taken place during the Cenozoic India-Asia
collision.
5.5. Subduction polarity
As our ﬁeldwork results indicate, the Tarim block subducted
under the Yili block, in a northwards fashion, rather than a south-
ward fashion. Though vergence is important for obtaining fossil
subduction zone polarities (e.g., Miller and Gray, 1997; Abdelsalam
et al., 2003), they should be handled with care. The Cenozoic India-
Asia collision induced reworking and reorientation of faults within
the Chinese SW Tianshan area (Windley et al., 1990; Gao et al.,
1998; Pirajno, 2010), which probably led to changes of the ver-
gence direction. The nappes showing the vergence in the study of
Abdelsalam et al. (2003) are shallowly dipping, while the fault
zones showing the vergence (e.g., Wang et al., 2008) in the Chinese
SW Tianshan study area are steeply dipping. These steep dips
indicate the zone has been reworked, rather than indicating the
palaeo-geography of the Palaeozoic era.
One could argue the northward subductionmodels (as proposed
by this study; Gao et al., 2009; Xiao et al., 2013; Xiao and Santosh,
2014), sincemost of the studied fault zones within the SW Tianshan
area show northward vergences (e.g., Wang et al., 2008; Lin et al.,
M. Scheltens et al. / Geoscience Frontiers 6 (2015) 191e2092062009). However, the northward subduction model is supported by
structural evidence (gathered in this study), seismic tomography
data (Lei and Zhao, 2007; Zhiwei et al., 2009) and ultimately by
petrology, showing that all arc-volcanic rocks are situated to the
north of the HP/UHP zone while no arc-related volcanic rocks have
been documented on the northern margins of the Tarim block (e.g.,
Gao and Klemd, 2003; Klemd et al., 2005; Zhang et al., 2007b; Qian
et al., 2009; Xiao et al., 2009a). The southward subduction model
only seems to be supported by structural data, from which most is
based on vergence directions (e.g., Wang et al., 2008; Lin et al.,
2009).
5.6. Tectonic model
As our ﬁeldwork results indicate, the Tarim block subducted
under the Yili block, in a northwards fashion (Fig. 9). SubductionFigure 9. Tectonic model depicting the northward subduction of the South Tianshan Ocea
Carboniferous subduction of a seamount, inducing the UHP metamorphism. C. Late Carbonif
this time the shear sense along the Nikolaev Line and STF is still sinistral. D. Cessation of sub
now dextral. See text for discussion. Age data from Gao et al. (2009), Zhang et al. (2009). Sstarted during the SilurianeDevonian, as is indicated by volcanic
rock data obtained by Gao et al. (2009). This view is supported by
palaeomagnetic data obtained by Li (1990). After the Tarim conti-
nental margin collided with the Yili (Kazakhstan) block during the
Carboniferous, only a rotation component was observed, it had
stopped migrating (Li, 1990). During this time, with the simulta-
neous clockwise rotation of both the Tarim and Yili blocks (Chen
et al., 1999), the shear sense of the NL was sinistral. It has been
proposed that the South Tianshan Ocean closed in a scissor-like
motion, in which closure ﬁrst occurred on the eastern margins
progressively closing towards the west (e.g., Li, 1990; Chen et al.,
1999). As Fig. 9 shows, during the late Carboniferous (Gao et al.,
2009; Zhang et al., 2009), subduction of a seamount (Gao and
Klemd, 2003) initiated UHP metamorphism. Until the late
Carboniferous to early Permian (310e275 Ma) subduction
continued. Shear sense during this time still was sinistral. The lastn under the Yili block. A. Northward subduction that started around 470 Ma. B. Late
erous to early Permian, normal oceanic subduction and exhumation of UHP rocks. Until
duction inducing slab detachment. Exhumation of UHP rocks. Nikolaev Line and STF are
TF: South Tianshan Fault, NL: Nikolaev Line, HF: Haerkeshan Fault.
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Triassic (251e225 Ma). During this stage, subduction stopped and
exhumation of the UHP rocks took place (Zhang et al., 2009), while
shear sense had changed to dextral.
However, some discussions about the evolution of Chinese SW
Tianshan still exist. Xiao et al. (2009a,b) claimed that the Tarim
block did not rotate until 240 Ma. This means that the sinistral
shear senses would not occur till this time and that the dextral
motions occurred even later. This is the opposite of what other
authors (Wang et al., 2008; de Jong et al., 2009) and this study
propose, who claimed that the dextral motion occurred at about
236e251 Ma, which was concluded after 40Ar/39Ar dating on the
fault rocks. As Chen et al. (1999) argued, the Yili block had a slight
clockwise rotation during the late Palaeozoic, which can be the
explanation for the sinistral motion if the Tarim block indeed had
no rotation component yet. However, Wang et al. (2007) claimed
that the Yili block rotated anti-clockwise from the late Carbonif-
erous until late Permian. This could explain the dextral shear senses
that occurred before the rotation of the Tarim block at 240 Ma.
It is seemingly impossible though that if the Tarim block
indeed only started rotation from 240 Ma a youngest dextral shear
motion of 250 Ma is observed, since a clockwise rotation of the
Tarim block would automatically initiate a sinistral shear compo-
nent along the fault zones that would overprint the dextral ones.
Since other studies (e.g., Li, 1990; Chen et al., 1999; Wang et al.,
2007) clearly indicated that rotation of the Tarim and Yili blocks
rule out that sinistral motion occurred last, we conclude that
sinistral motion occurred before dextral motion (dextral overprint
of the sinistral motion). This means that the Tarim block rotation
must have occurred before 250 Ma. An earlier clockwise rotation
of the Tarim block would also ﬁt the data obtained by Wang et al.
(2007), since the rotation of this block was larger than the anti-
clockwise rotation of the Yili block (w65 for Tarim from the
Carboniferous to the Permian (Li, 1990; Chen et al., 1999) and
w32 for Yili from the late Carboniferous to the late Permian
(Wang et al., 2007)), so this would initiate a sinistral motion along
the shear zones. This can later be followed by an eastward
migration or continuation of anti-clockwise rotation of the Yili
block, inducing the later dextral shear senses after cessation of the
Tarim block rotation. The problem with the newer models (Wang
et al., 2007; Xiao et al., 2009a) is that they all fail to explain the
sinistral motion that occurred before the dextral one (hence,
which occurred before 250 Ma).
Some authors argue that during the late Palaeozoic the Tarim
continental margin collided with the Yili block (Chen et al., 1999;
Wang et al., 2010), but since all UHP rock protoliths are oceanic
type rocks (Zhang et al., 2002a,b), no convincing evidence has
been observed for a continental collision setting. The shear sense
in post early Permian times probably switched from sinistral to
dextral after the cessation of rotation of the Tarim block, as is
indicated by the abundance of dextral shear senses (these are
more abundant than the few remaining sinistral shear sense in-
dicators) along the NL and STF (shear bands and plagioclase s-
clasts indicating dextral motion, quartz s-blasts indicating
sinistral motion). Since the exhumation stage is dated at
275e243 Ma, the dextral motion must have been syn-orogenic
(e.g., Xiao et al., 2009a) instead of post-orogenic as suggested
by several authors (Laurent-Charvet et al., 2003; Wang et al.,
2008; Lin et al., 2009). Some authors (e.g. Chen et al., 1999)
argue that only a sinistral motion occurred along the shear zones
dividing the Yili and Tarim blocks, since the rotation of the Tarim
and Yili blocks was clockwise. This is only partly true, since the
sinistral shear motions must have been followed by a dextral
motion, as this study and many other studies (e.g., Wang et al.,
2008, 2010; Lin et al., 2009) suggest.6. Conclusion
The results of this study, combined with the known data as
gathered by other studies, such as petrological ones (e.g., Gao and
Klemd, 2003; Klemd et al., 2005; Zhang et al., 2007b) and seismic
tomographical ones (Lei and Zhao, 2007; Zhiwei et al., 2009) clearly
indicated that the Tarim block subducted under the Yili block in a
northward fashion. The shear senses that are observed in the fault
zones indicate two shear senses, implying that at ﬁrst, the Tarim
block dragged the Yili block along towards the east by its clockwise
rotation as is indicated by the earlier sinistral shear senses. After
cessation of the Tarim block rotation, the Yili block continued to
migrate eastward, as is indicated by the later dextral shear senses.
The differences in vergence directions are most likely caused by the
India-Asia collision during the Cenozoic, as is also indicated by Gao
et al. (1998) and Windley et al. (1990), who claimed that this
collision induced reworking and reorientation of the Chinese SW
Tianshan faults.
During the SilurianeDevonian, subduction of the Tarim block
under the Yili block initiated (e.g., Chen et al., 1999; Gao et al.,
2009). During the late Carboniferous a seamount subducted,
inducing UHPmetamorphism (e.g., Gao and Klemd, 2003). Until the
early Permian, subduction continued (Gao et al., 2009). Till this
time the shear senses along the NL and STFmust have been sinistral
since the Tarim block had a clockwise rotation until the Permian (Li,
1990; Chen et al., 1999). The shear sense changed from sinistral to
dextral at around 251 Ma at the latest, since this is the age of the
dextral motion along the faults as is investigated by this study and
by de Jong et al. (2009). This dextral motion must have been
initiated by the eastward migration of the Yili block or an anti-
clockwise rotation of the Yili block until late Permian (Wang
et al., 2007) while the Tarim block was stationary.Acknowledgements
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